Mechanical ventilation (MV) is often used to maintain life in patients with sepsis and sepsis-related acute lung injury. However, controlled MV may cause diaphragm weakness due to muscle injury and atrophy, an effect termed ventilatorinduced diaphragm dysfunction (VIDD). Toll-like receptor 4 (TLR4) and nuclear factor-κB (NF-κB) signaling pathways may elicit sepsis-related acute inflammatory responses and muscle protein degradation and mediate the pathogenic mechanisms of VIDD. However, the mechanisms regulating the interactions between VIDD and endotoxemia are unclear. We hypothesized that mechanical stretch with or without endotoxin treatment would augment diaphragmatic structural damage, the production of free radicals, muscle proteolysis, mitochondrial dysfunction, and autophagy of the diaphragm via the TLR4/NF-κB pathway. Male C57BL/6 mice, either wild-type or TLR4-deficient, aged between 6 and 8 weeks were exposed to MV (6 mL/kg or 10 mL/kg) with or without endotoxemia for 8 h. Nonventilated mice were used as controls. MV with endotoxemia aggravated VIDD, as demonstrated by the increases in the expression levels of TLR4, caspase-3, atrogin-1, muscle ring finger-1, and microtubule-associated protein light chain 3-II. In addition, increased NF-κB phosphorylation and oxidative loads, disorganized myofibrils, disrupted mitochondria, autophagy, and myonuclear apoptosis were also observed. Furthermore, MV with endotoxemia reduced P62 levels and diaphragm muscle fiber size (P < 0.05). Endotoxinexacerbated VIDD was attenuated by pharmacologic inhibition with a NF-κB inhibitor or in TLR4-deficient mice (P < 0.05). Our data indicate that endotoxin-augmented MV-induced diaphragmatic injury occurs through the activation of the TLR4/ NF-κB signaling pathway.
Introduction
During the development of sepsis, bacterial components such as lipopolysaccharide (LPS) may mediate an inflammatory cascade and result in the release of inflammatory mediators, which can induce epithelial and endothelial injury, microvascular leakage, lung edema, and vasodilatation, subsequently leading to multiple organ system failure [1] [2] [3] [4] [5] [6] [7] [8] . Moreover, sepsis may cause skeletal muscle atrophy due to increased protein breakdown via the ubiquitin-proteasome and autophagy-lysosomal pathways [4, 9] . Mechanical ventilation (MV) is often used to maintain life in patients with sepsis-related acute lung injury (ALI). However, controlled MV may result in diaphragmatic inactivity and rapid loss of diaphragm muscle strength and endurance, which is termed ventilator-induced diaphragm dysfunction (VIDD) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Accumulating clinical evidence has revealed that mechanically ventilated septic patients frequently experience severe diaphragmatic weakness that may contribute to difficulties in ventilator weaning leading to further complications, such as ventilator-associated pneumonia, sepsis, and mortality [7, 8, 12, 20] . Therefore, the effect of interactions between sepsis and MV on diaphragm function must be investigated.
Sepsis-induced diaphragmatic dysfunction and VIDD appear to share several pathogenic mechanisms, including increased oxidative stress and mitochondrial dysfunction within the diaphragm muscle fibers, suggesting that sepsis may be an additional risk factor for VIDD [1, 7, 13, 21] . The onset of VIDD associated with decreased crosssectional areas of slow-twitch and fast-twitch muscle fibers is rapid (within 6-8 h after the initiation of MV), and the magnitude of impairment of diaphragmatic contraction increases with time on the ventilator [10, 16, 18, 22] . MVinduced oxidative stress in the diaphragm is a crucial signaling event that leads to the activation of calpain, caspase-3, and the proteasome system [12, 13, 16, 18, 19] . The major oxidants in the diaphragm during MV are reactive oxygen species (ROS), which are found in the mitochondrion, sarcoplasmic reticulum, transverse tubes, sarcolemma, and cytosol [13, 16, 22, 23] . Rodent studies on VIDD have demonstrated that MV induced diaphragmatic injury through excessive production of ROS by activating protein oxidation, lipid peroxidation, and microtubuleassociated protein light chain 3 (LC3), which results in diaphragm inactivity [6, 11, [24] [25] [26] . Moreover, endotoxinand MV-mediated ROS may increase the production of inflammatory cytokines, including interleukin (IL)-6, macrophage inflammatory protein-2 (MIP-2), a functional homolog of IL-8 in rodents, and tumor necrosis factor-α (TNF-α) [3, 5, 9, 13, 18, 27] . These inflammatory mediators, which suppress diaphragmatic function during endotoxemia, can arise mostly from the diaphragm itself, with subsequent autocrine and paracrine actions on the skeletal muscle fibers [3] .
The nuclear factor-κB (NF-κB) signaling pathway, a pivotal signal transducer for many inflammatory mediators, increases the expression of specific E3 ubiquitin ligases of the ubiquitin-proteasome system, atrogin-1, and muscle ring finger-1 (MuRF-1), which contribute to protein degradation of the diaphragm muscle in VIDD or sepsis [3, 9, 12, 19, 28] . Additionally, NF-κB plays a vital role in the induction of the intrinsic apoptotic pathway and autophagy associated with mitochondrial injury in the diaphragm [6, 19, 29] . Previous murine studies of endotoxemia demonstrated that toll-like receptor 4 (TLR4), an important mediator of organ dysfunction in sepsis, regulated diaphragm catabolism, chemokine production, and autophagy through upregulation of the NF-κB or p38 mitogen-activated protein kinase pathways [4, [30] [31] [32] . A recent murine study of MV also demonstrated that TLR4 signaling mediates skeletal muscle atrophy through increased production of cytokines in the diaphragm [18] . However, the relationships between diaphragmatic injury or atrophy induced by endotoxin and MV, NF-κB activation, and the TLR4 pathway remain unclear.
In this study, we explored the relationships between MV with or without endotoxin and TLR4 and NF-κB signaling by using a murine model of VIDD. We hypothesized that mechanical stretch with or without LPS treatment would augment diaphragmatic structural damage, the production of free radicals, muscle proteolysis, mitochondrial dysfunction, and autophagy of the diaphragm via the TLR4/ NF-κB pathway.
Materials and methods

Experimental animals
Wild-type or TLR4-deficient C57BL/6 mice, weighing between 20 and 25 g, aged between 6 and 8 weeks, were obtained from Jackson Laboratories (catalog number 007227, Bar Harbor, ME, USA) and National Laboratory Animal Center (Taipei, Taiwan) [27] . Briefly, homozygotes mutants (TLR4 −/− ) exhibit a defective response to LPS stimulation [27] . Tlr4-deficient mice for the Tlr4Lps-del mutation display significantly reduced expression of proinflammatory genes compared to the controls [27] . The Tlr4Lps-del spontaneous mutation corresponds to a 74,723 bp deletion that completely removes the Tlr4 coding sequence. The null expressions of the TLR4 gene expression in TLR4 −/− mice were confirmed by using a real-time polymerase chain reaction (PCR) analysis (Supplementary Fig. 1 ). We performed the experiments in accordance with the National Institutes of Health (NIH) Guidelines on the Use of Laboratory Animals. The Institutional Animal Care and Use Committee of Chang Gung Memorial Hospital approved the protocol (Permit number: 2015101201). All surgery was performed under zoletil and xylazine anesthesia, and all efforts were made to minimize suffering.
Experimental groups
Animals were randomly distributed into eight groups in each experiment: group 1, nonventilated control wild-type mice with normal saline; group 2, nonventilated control wild-type mice with LPS; group 3, tidal volume (V T ) 6 mL/ kg wild-type mice with LPS; group 4, V T 10 mL/kg wildtype mice with normal saline; group 5, V T 10 mL/kg wildtype mice with LPS; group 6, V T 10 mL/kg wild-type mice after SN50 administration with LPS; group 7, nonventilated control TLR4 −/− mice with LPS; group 8, V T 10 mL/kg TLR4 −/− mice with LPS. In each group, three mice underwent transmission electron microscopy (TEM) and five mice underwent measurement for cross-sectional area of the muscle fibers, immunohistochemistry assay, inflammatory cytokines, malondialdehyde (MDA), protein carbonyl groups, total antioxidant capacity, superoxide dismutase, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay, and Western blots.
Ventilator protocol
We used our established murine model of VILI, as described previously [18, 33] . Briefly, a 20-gauge angiocatheter was introduced into the tracheotomy orifice of mice and general anesthesia was maintained by regular intraperitoneal administration of zoletil 50 (5 mg/kg) and xylazine (5 mg/kg) at the beginning of the experiment and every 30 min. The mice were placed in a supine position on a heating blanket and then attached to a Harvard apparatus ventilator, model 55-7058 (Harvard Apparatus, Holliston, MA, USA), set to deliver 6 or 10 mL/kg at a rate of 100 breaths per min, for 8 h while breathing room air with zero end-expiratory pressure. At the end of the study period, heparinized blood was taken from the arterial line for analysis of arterial blood gas, and the mice were sacrificed. The nonventilated control mice were anesthetized and sacrificed immediately.
LPS and SN50 administration
Mice received either 1 mg/kg of Salmonella typhosa LPS (Lot 81H4018; Sigma Chemical Co., St. Louis, MO, USA) or an equivalent volume of normal saline intravenously via the internal jugular vein as a control. After 1 h of spontaneous respiration to allow for development of a septic response, the mice were subjected to MV for 8 h. The dose was chosen based on previous in vivo study of our coworkers that showed 1 mg/kg LPS induced mild endotoxemia [34] . SN50 is a NF-κB inhibitor (2 mg/kg; Calbiochem, San Diego, CA, USA) and was given intraperitoneally 30 min before MV based on our present and previous studies that showed 2 mg/kg inhibited NF-κB activity [19] .
Measurement of cytokines in the bronchoalveolar lavage fluid IL-6 with a lower detection limit of 1.8 pg/mL and MIP-2 (1 pg/mL) were detected in the bronchoalveolar lavage (BAL) fluid using immunoassay kits containing primary polyclonal anti-mouse antibodies that were cross-reactive with rat and mouse IL-6 and MIP-2 (Biosource International, Camarillo, CA, USA). Each sample was run in duplicate according to the manufacturer's instructions.
Measurement of diaphragmatic oxidative stress and antioxidant enzyme expression
The diaphragms were homogenized in phosphate buffered saline. The protein carbonyl groups, MDA, total antioxidant capacity, and superoxide dismutase in the protein extracts were measured using the OxiSelect protein carbonyl assay kit containing dinitrophenylhydrazine, Oxiselect TBARS assay kit containing thiobarbituric acid reactive substances, Oxiselect total antioxidant capacity assay kit containing uric acid, and Oxiselect superoxide dismutase assay kit containing xanthine/xanthine oxidase system (Cell Biolabs, San Diego, CA, USA). Each sample was run in duplicate and expressed as μmol/g protein for protein carbonyl groups, MDA, and superoxide dismutase, and μmol copper reducing equivalents/g protein for total antioxidant capacity according to the manufacturer's instructions.
Immunoblot analysis
The diaphragms were homogenized in 1 mL of lysis buffer (20 mM HEPES pH 7.4, 1% Triton X-100, 10% glycerol, 2 mM ethylene glycol-bis (β-aminoethyl ether)-N, N, N′, N′-tetraacetic acid, 50 μM β-glycerophosphate, 1 mM sodium orthovanadate, 1 mM dithiotreitol, 400 μM aprotinin, and 400 μM phenylmethylsulfonyl fluoride), transferred to eppendorf tubes and placed on ice for 15 min. The tubes were centrifuged at 15,350×g for 10 min at 4°C and the supernatant was flash-frozen. The total protein concentration was detected by Bradford protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Crude cell lysates related to the total protein content (phosphorylated and non-phosphorylated correct to input) were matched for protein concentration (30 μg per well for caspase-3 and LC3-II; 60 μg per well for atrogin-1, MuRF-1, phosphorylated NF-κB, and TLR4; 100 μg per well for P62 and phosphorylated inhibitor-κBα (IκBα)), resolved on a 10% bis-acrylamide gel, and electrotransferred to Immobilon-P membranes (Millipore Corp., Bedford, MA, USA). For the assay of TLR4, phosphorylated NF-κB, phosphorylated IκBα, NF-κB, IκBα, caspase-3, atrogin-1, MuRF-1, LC3-II, P62, and glyceraldehydesphosphate dehydrogenase, Western blot analyses were performed with respective antibodies (New England BioLabs, Beverly, MA, USA and Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were developed by enhanced chemiluminescence (NEN Life Science Products, Boston, MA, USA).
Immunohistochemistry
The diaphragms were paraffin embedded, sliced at 4 μm, deparaffinized, antigen unmasked in 10 mM sodium citrate (pH 6.0), incubated with rabbit TLR4 primary antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and biotinylated goat anti-rabbit secondary antibody (1:100) according to the manufacturer's instruction for an immunohistochemical kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The specimens were further conjugated with horseradish peroxidase-streptoavidin complex, detected with a diaminobenzidine (DAB) substrate mixture, and counterstained by hematoxylin. A dark-brown DAB signal, identified by arrows, indicated positive staining of TLR4 of muscle fibers, whereas shades of light blue signified nonreactive cells.
Cross-sectional area of the muscle fibers
The diaphragms were paraffin embedded, sliced at 4 μm, and stained with hematoxylin and eosin (H&E). The crosssectional areas, a semi-quantitative method, were reviewed from 50 muscle fibers by a single investigator blinded to the therapeutic category of the mouse and then analyzed using NIH image 1.6 software.
Transmission electron microscopy
The diaphragms were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 1 h at 4°C. The l diaphragms were then postfixed in 1% osmium tetroxide (pH 7.4), dehydrated in a graded series of ethanol, and embedded in EPON-812. Thin sections (70 nm) were cut, stained with uranyl acetate and lead citrate, and examined on a Hitachi H-7500 EM transmission electron microscope (Hitachi, Ltd., Tokyo, Japan).
Mitochondrial injury score
Mitochondrial injury was semi-quantitatively measured by using a scoring system that is based on the characteristic ultrastructural characteristics of mitochondria attendant to the progressive stages of cellular injury [2] . The severity of ultrastructural damage was quantified by determining a composite score (based on the scale of 0-5) that represented all the mitochondria visualized within the microscopy field. Score 0 = normal appearance. Score 1 = swelling of the endoplasmic reticulum, minimal mitochondrial swelling. Score 2 = mild mitochondrial swelling. Score 3 = moderate or focal high-amplitude swelling. Score 4 = diffuse highamplitude swelling. Score 5 = high-amplitude swelling with mitochondrial flocculent densities or calcifications. An average number of 10 nonoverlapping fields in TEM of the diaphragm sections were analyzed for each section by a single investigator blinded to the mouse genotype.
Real-time PCR
For isolating total RNA, the lung tissues were homogenized in TRIzol reagents (Invitrogen Corporation, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA (1 μg) was reverse transcribed by using a GeneAmp PCR system 9600 (PerkinElmer, Life Sciences, Inc., Boston, MA, USA), as previously described [35] . The following primers were used for real-time PCR: TRL4, forward primer 5′-CGCTTTCACCTCTGCCTTCACTACAG-3′ and reverse primer 5′-ACACTACCACAATAACCTTC CGGCTC-3′ and GAPDH as internal control, forward primer 5′-GGAGCGAGACCCCACTAACA-3′ and reverse primer 5′-ACATACTCAGCACCGGCCTC-3′ (Protech Technology Enterprise Co. Ltd., Taipei, Taiwan) [36, 37] . All quantitative PCR reactions using SYBR Master Mix were performed on a CFX96 Touch Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All PCR reactions were performed in duplicate and heated to 95°C for 5 min followed by 40 cycles of denaturation at 95°C for 10 s, and annealing at 55°C for 30 s. The relative gene expression was calculated using 2 −ΔΔCT method and the standard curves (cycle threshold values versus template concentration) were prepared for each target gene and for the internal control (GAPDH) in each sample. The specific gene's cycle threshold (Ct) values were normalized to the GAPDH and compared with the nonventilated control group with LPS that was assigned a value of 1 to calculate the relative fold change in expression.
Statistical evaluation
The Western blots were quantitated using an NIH image analyzer Image J 1.27z (NIH, Bethesda, MD, USA) and presented as arbitrary units. Values were expressed as the mean ± SD from at least five separate experiments. The data of cross-sectional area, protein oxidation, MDA, total antioxidant capacity, superoxide dismutase, histopathologic assay, and oxygenation were analyzed using Statview 5.0 (Abascus Concepts, Cary, NC, USA; SAS Institute). All results of real-time PCR and Western blots were normalized to the nonventilated control wild-type mice with LPS. ANOVA was used to assess the statistical significance of the differences, followed by multiple comparisons with a Scheffe's test, and a P value <0.05 was considered statistically significant. We have performed the Shapiro-Wilk normality test and verify that all data are parametric (P >0.05). Additional details, including TUNEL assay, were performed as described previously [2, 33] .
Results
SN50 reduces the effects of MV on endotoxinaugmented VIDD, oxygen radicals, and inflammatory cytokines
We applied MV (6 mL/kg or 10 mL/kg) with room air for 8 h to induce VIDD in mice. The physiological conditions at the beginning and end of MV are listed in Table 1 . The normovolemic status was maintained for the mice by monitoring their mean artery pressure. Because of rapid loss of diaphragm muscle strength and endurance, the washout of CO 2 by MV is balanced by impaired ventilation of the respiratory muscle. TEM was performed to examine MVand LPS-induced alterations in the diaphragm ultrastructures. Compared with the mice subjected to V T 6 mL/kg and the nonventilated control mice, those subjected to V T 10 mL/kg demonstrated increased disruptions in diaphragmatic myofibrillar structures with tortured Z-bands and unclear A-and I-bands, mitochondrial swelling, and larger lipid droplets (Fig. 1a-d) . Administration of SN50 substantially reduced damage to the diaphragmatic fibers (Figs. 1e) . Recent studies have demonstrated the critical roles of MV-induced imbalances among inflammatory cytokines, oxidative loads, and antioxidant capacity in inducing VIDD [3, 12, 13, 18] . Increased levels of IL-6, MIP-2, protein carbonyl groups, and MDA, but reduced production of total antioxidant capacity and superoxide dismutase, were observed in mice subjected to MV with LPS when compared with those subjected to V T 6 mL/kg and the nonventilated control mice (Fig. 2) . However, a reversal of these characteristics was observed after the administration of SN50.
SN50 inhibits the effects of MV on endotoxinenhanced atrogin-1, MuRF-1, and LC3-II expression
Western blot analyses were performed to identify the effects of MV on endotoxin-induced ubiquitin-proteosome and autophagy-lysosomal systems associated with VIDD. Total atrogin-1, MuRF-1, and LC3-II were upregulated in mice subjected to V T 10 mL/kg compared with those subjected to V T 6 mL/kg and the nonventilated control mice (Fig. 3) . Administering SN50 substantially reduced the enhanced expression of atrogin-1, MuRF-1, and LC3-II by 10-mL/kg MV and endotoxin.
TLR4 homozygous knockout suppresses the effects of MV on endotoxin-augmented VIDD TLR4-deficient mice were used to identify whether the beneficial effects provided by the administration of SN50 were mediated via the TLR4 pathway. The effects of MV (increase in oxidative stress; MIP-2 and IL-6 production; expression levels of atrogin-1, MuRF-1, caspase-3, and LC3-II; mitochondrial injury; and autophagosomes) in mice subjected to V T 10 mL/kg with endotoxin were substantially attenuated in TLR4-deficient mice (P < 0.05; Figs. 4 and 5) . However, the reduction of muscle fiber diameter and downregulation of P62, an indicator of autophagosome turnover, were highly restored in the TLR4-deficient mice (P < 0.05; Fig. 4) . Furthermore, increases in diaphragmatic At the end of the study period, we obtained the data of mean arterial pressure and arterial blood gases from the nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h (n = 10 per group). The normovolemic statuses of the mice were maintained by monitoring the mean artery pressure. Data are presented as means ± SDs LPS lipopolysaccharide, MAP mean arterial pressure, PIP peak inspiratory pressure, SN50 nuclear factor-κB inhibitor, TLR4 −/− TLR4-deficient mice, V T tidal volume a Indicates that P < 0.05 when compared to the nonventilated control mice inflammation, oxidative stress, and mitochondrial damage were demonstrated in mice subjected to V T 10 mL/kg with endotoxin compared with those subjected to V T 10 mL/kg with normal saline and the nonventilated control mice (Figs. 4 and 5) , suggesting the combinatorial effects of LPS treatment.
Because our study is a murine model of VIDD with mild endotoxemia, no statistically significant differences in these parameters were observed between the wild-type and TLR4-deficient nonventilated control mice with or without endotoxin (Figs. 4 and 5 ).
SN50 and TLR4 homozygous knockout suppress the effects of MV on endotoxin-exacerbated NF-κB activation and TLR4 expression
NF-κB has been demonstrated to play a crucial role in modulating the inflammatory responses of skeletal muscle fibers [3, 9, 19] . Western blot analyses were performed to identify the effects of MV on endotoxin-induced NF-κB activation in the diaphragm. We observed an upregulation of NF-κB phosphorylation in mice subjected to V T 10 mL/ kg compared with those subjected to V T 6 mL/kg and the Fig. 1 Electron microscopy of the diaphragm. Representative micrographs of the longitudinal sections of diaphragm (×20,000: upper panel; ×40,000: lower panel) were from the same diaphragms of nonventilated control mice and mice ventilated at a tidal volume (V T ) of 6 mL/kg (V T 6) or 10 mL/kg (V T 10) for 8 h with or without LPS administration (n = 3 per group). a, b Nonventilated control wild-type mice with or without LPS treatment: normal sarcomeres with distinct A bands, I bands, and Z bands; c 6 mL/kg wild-type mice with LPS treatment: reduction of diaphragmatic disruption; d 10 mL/kg wildtype mice with LPS treatment: disruption of sarcomeric structure with loss of streaming of Z bands, mitochondrial swelling, and accumulation of lipid droplets; e 10 mL/kg wild-type mice pretreated with SN50: attenuation of diaphragmatic disruption. f Injury scores of lung mitochondria were from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 3 per group). Mitochondrial swelling with concomitant loss of cristae and autophagosomes containing heterogeneous cargo are identified by arrows. SN-50 2 mg/ kg was given intraperitoneally 30 min before mechanical ventilation. *P < 0.05 versus the nonventilated control mice with LPS treatment; † P < 0.05 versus all other groups. Scale bar represents 500 nm. LPS lipopolysaccharide nonventilated controls (Fig. 6a) . Administration of SN50 substantially reduced the MV-and endotoxin-induced enhanced expression of NF-κB. Furthermore, the increased phosphorylation of IκBα was also reduced by SN-50 (Figs. 6b) . TLR4 upregulation was reported to modulate VILI; therefore, we evaluated TLR4 expression to investigate the role of the TLR4 pathway in our VIDD model (Fig. 6c, d ) [37] . Western blot analyses revealed increased TLR4 expression in mice subjected to V T 10 mL/kg compared with those subjected to V T 6 mL/kg and the nonventilated control mice. However, administration of SN50 did not reduce MV-and endotoxin-induced TLR4 expression, suggesting that TLR4 is an upstream regulator of NF-κB signaling involved in VIDD along with endotoxin (Fig. 6c) . Immunohistochemistry was applied to further confirm the effects of TLR4 expression in endotoxin-induced VIDD (Fig. 4d) . A substantial increase in the number of diaphragm muscle fibers positively stained for TLR4 was noted in mice subjected to V T 10 mL/ kg compared with those subjected to V T 6 mL/kg and the nonventilated control mice. Consistent with the Western blot results, the increase in TLR4 activation after MV was substantially attenuated by TLR4 homozygous knockout. In addition to its role in VIDD, caspase-3 is vital for the intrinsic apoptotic pathway [6, 19] . Capase-3 expression was evaluated and TUNEL staining was performed to examine the roles of the caspase-3 pathway and apoptosis of diaphragm muscle fiber in endotoxin-related VIDD (Fig. 7) . Caspase-3 activity was increased after 8 h of V T 10 mL/kg MV compared with that in mice subjected to V T 6 mL/kg and the nonventilated control mice. A significant increase in caspase-3 expression levels and the appearance of TUNEL-positive apoptotic nuclei in the murine diaphragm was observed in mice subjected to V T 10 mL/kg with endotoxin compared with those subjected to V T 10 mL/kg only (Figs. 7a, c) . Notably, the increase in caspase-3 activity and MV-and endotoxin-exacerbated apoptosis in the murine diaphragm was ameliorated following the administration of SN50 as well as in the TLR4-deficient mice. Taken together, our results demonstrated that MV-and concurrent endotoxin-induced oxidative burst and the inflammatory responses in the diaphragm were prevented by the inhibition of the TLR4 and NF-κB pathways (Fig. 8) .
Discussion
In clinical practice of critical care, patients with paradoxical respiration may need MV to let their respiratory muscles rest and make better control of sepsis. After well control of sepsis, they will be extubated as soon as possible. MV is a life-saving procedure for patients with ALI; however, controlled MV results in the rapid development of diaphragmatic weakness due to both muscle injury and atrophy. Animal studies have indicated that infection can induce significant diaphragm weakness in experimental models of sepsis [10-13, 18, 19] . A study of diaphragm strength in mechanically ventilated medical ICU patients demonstrated that the combination of ventilator-induced diaphragm inactivity and infection might produce sufficient diaphragm weakness to negatively influence patient outcomes and affect the duration of MV [7, 8] . Importantly, diaphragm weakness is a significant determinant for poor outcomes, including increased mortality and longer duration required for weaning in such populations of critically ill patients [7, 8, 38, 39] . Therefore, effective pharmacological treatments that improve diaphragm strength should be identified to reduce MV duration and ICU mortality. In the present study, we confirmed that pharmacologic inhibition of NF-κB can abrogate oxidative stress and enhance total antioxidant capacity; reduce inflammatory cytokine production and the activation of NF-κB signaling; attenuate muscle proteolysis, myonuclear apoptosis, mitochondrial dysfunction, and autophagy; and alleviate the atrophy of muscle fibers and mitochondrial dysfunction in a murine model of VIDD with endotoxemia. We further explored the role of TLR4 activation in regulating diaphragm injury through NF-κB signaling.
Diaphragm dysfunction during MV combined with sepsis can be exacerbated by mechanisms including increased ROS production, proinflammatory cytokine production, and increased proteolysis and autophagy [13] . The MV-induced release of proinflammatory mediators such as ROS and MIP-2 is involved in the pathogenesis of augmenting sepsis-induced systemic translocation and Fig. 3 SN50 abrogated endotoxin-augmented mechanical ventilation-induced atrogin-1, MuRF-1, and LC3-II expression in the diaphragm. Western blots were performed using antibodies that recognize atrogin-1 (a), MuRF-1 (b), LC3-II (c), and GAPDH expression from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). Arbitrary units were expressed as relative atrogin-1, MuRF-1, and LC3-II activation (n = 5 per group). SN-50 2 mg/kg was given intraperitoneally 30 min before ventilation. *P < 0.05 versus the nonventilated control mice with LPS treatment; † P < 0.05 versus all other groups. GAPDH glyceraldehydes-phosphate dehydrogenase, LC3-II light chain 3-II, MuRF-1 muscle ring finger-1 diaphragm dysfunction [3] . Furthermore, IL-6 can exacerbate contractile dysfunctions of the diaphragm through mechanisms including decreased protein synthesis, induction of atrogin-1 and MuRF-1, and activation of the signal transducer and activator of transcription 3 (Stat3)-myostatin signaling pathway [13] . In the proteasome system of proteolysis, ubiquitin covalently binds to protein substrates and marks them for degradation. The binding of ubiquitin to the protein substrates requires specific ubiquitin protein ligase enzymes (E3). Crucially, the ubiquitin-proteasome system, consisting of a muscle-specific F-box protein atrogin-1 and a specific MuRF-1 class, degrades monomeric myofibrillar proteins that are released from sacromeric actomyosin complexes after digestion by calpain and caspase-3 [14, 17] . The results of the current study indicated that MV increased the production of IL-6, MIP-2, MDA, protein carbonyl groups, atrogin-1, and MuRF-1; furthermore, endotoxin aggravated the increase in lung inflammation and the associated skeletal muscle proteolysis.
NF-κB activation may play a specific role in triggering the inflammatory response of the skeletal myofibrils during endotoxemia and MV [3, 9, 19] . Previous animal studies employing transgenic mice have demonstrated that NF-κB signaling within the diaphragm muscle fibers is a key pathway leading to diaphragmatic weakness during acute endotoxemia, most likely through the effects on multiple proinflammatory mediators, oxidative stress, and proteolytic systems [9, 12] . MV-induced oxidative stress in the diaphragm is known to play a central role in the pathogenesis of VIDD, and occurs rapidly within the first 6 h of MV [10, 16, 22] . Oxidative stress is also pivotal in triggering several proteolytic pathways implicated in the initial disassembly of actomyosin complexes in the diaphragm and the activation of caspase-3 and NF-κB [19] . Caspase-3, a cysteine Fig. 4 Inhibition of endotoxin-augmented mechanical ventilationmediated diaphragm dysfunction by TLR4 homozygous knockout. MDA (a), protein carbonyl groups (b), total antioxidant capacity (c), SOD (d), BAL fluid MIP-2 (e), BAL fluid IL-6 (f), and Western blots using antibodies that recognize atrogin-1 (g), MuRF-1 (h), LC3-II (i), and GAPDH expression were from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). Arbitrary units were expressed as relative atrogin-1, MuRF-1, and LC3-II expression (n = 5 per group). *P < 0.05 versus the nonventilated control mice with LPS treatment; † P < 0.05 versus all other groups protease, can activate proapoptotic proteins to induce intrinsic apoptosis associated with mitochondria dysfunction [3, 9, 19, 29] . Moreover, NF-κB activation contributes to muscle atrophy because of its ability to transcribe specific atrophy-related genes and the muscle-specific ubiquitin E3 ligases, atrogin-1 and MuRF-1 [19] . Additionally, NF-κB activation enhanced LPS-induced autophagy in skeletal muscles. The influence of NF-κB on autophagy is highly dependent on cell type, cellular context, and the triggers for NF-κB activation [3] . Our data indicated that the combination of MV and endotoxemia upregulated the expression levels of NF-κB and caspase-3 and exacerbated myonuclear apoptosis. However, the upstream regulators of NF-κB in diaphragm damage remain to be elucidated.
The TLR family is composed of more than 10 pattern recognition receptors for the initiation of an inflammatory response. Different types of TLRs recognize different specific ligands, which include the microbial components and proteins released from the damaged tissue [4, 17, 18, [30] [31] [32] . Among them, TLR4 is probably the most thoroughly investigated, and it is crucial for the recognition of the lipid A moiety associated with microbial LPS [27, 30, 31] . Recent research demonstrated that the pulmonary inflammatory response to MV partly depends on TLR4 signaling [4, 18] . Activation of TLR4 is also expressed on muscle tissue, including the diaphragm in an animal model of sepsis [18] . Several studies have demonstrated that stimulation of TLR4 by LPS increases the expression of cytokines, such as IL-6, KC, and TNF-α, in the skeletal muscle [11-13, 20, 40] . Additionally, administration of the TLR4-specific ligand LPS to rodents elicits an upregulation of proinflammatory genes in the diaphragm and reduces the diaphragm strength. The activation of TLRs generally causes nuclear translocation of NF-κB and substantially elevates NF-κB luciferase reporter activity [6, 11, 30] . Moreover, interference with NF-κB activation during Fig. 5 Reduction of endotoxin-aggravated mechanical ventilationinduced diaphragm and mitochondrial injury by TLR4 homozygous knockout. a Representative micrographs of the longitudinal sections of diaphragm (×40,000) and quantification of mitochondrial injury were from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 10 mL/kg for 8 h with or without LPS administration (n = 3 per group). Mitochondrial swelling with concomitant loss of cristae, vacuole formation, and autophagosomes containing heterogeneous cargo are identified by arrows. b Crosssectional area of diaphragm muscle fiber was measured as described in Methods (n = 5 per group). c Western blots were conducted using an antibody that recognizes P62 expression and an antibody that recognizes GAPDH expression from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). Arbitrary units were expressed as relative P62 and GAPDH expression (n = 5 per group).*P < 0.05 versus the nonventilated control mice with LPS treatment; † P < 0.05 versus all other groups TLR4 stimulation is known to have greater inhibitory effects on chemokine gene expression [30] .
Autophagy is a self-degradative process characterized by the removal of injured cellular components such as mitochondria in the skeletal muscles, and it is designed to maintain the growth, development, and quality of the mitochondrial networks [4, 6, 10, 11] . Mitochondria are a primary source of diaphragmatic ROS, a crucial upstream trigger that initiates the signaling events that lead to diaphragm myofibril atrophy after MV or during endotoxemia [6, 15, 28] . Although basal autophagy is important for maintaining cell survival, excessive autophagy induces pathological changes, such as muscle atrophy, intrinsic apoptosis, or cell death. Upregulation of LC3-II protein level has been described as a marker of increased autophagosome formation, whereas downregulation of p62 protein level is thought to be a marker of increased autophagic flux [6, 10] . By conjugating with phosphatidylethanolamin, LC3-I becomes a double-membraned autophagosomebound LC3-II [11] . The accumulation of LC3-II in the diaphragm during MV could be primarily due to a pathological impairment of autophagosome degradation rather than upregulation of the autophagy pathway [10, 40] . In a recent study of sepsis, TLR4 activation increased autophagosome formation in a p38 MAPK-dependent manner [4] . In the current study, we observed that the combination of , and c Western blots were conducted using antibodies that recognize the expression levels of phosphorylated NF-κB and IκBα and antibodies that recognize the expression levels of total NF-κB, IκBα, TRL4, and GAPDH from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). Arbitrary units were expressed as relative NF-κB and TLR4 expression (n = 5 per group). d Representative micrographs (×400) with TRL4 staining of paraffin diaphragm sections and quantification were from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). SN-50 2 mg/kg was given intraperitoneally 30 min before ventilation. A dark-brown diaminobenzidine signal identified by arrows indicates positive staining for TRL4 in the diaphragm, whereas shades of bluish tan signify nonreactive cells. *P < 0.05 versus the nonventilated control mice with LPS treatment; † P < 0.05 versus all other groups. Scale bars represent 20 μm. Inhibitor-κBα IκBα, TLR4 −/− TLR4-deficient mice MV and endotoxemia can induce autophagy, as confirmed by the presence of autophagosomes near the mitochondria through TEM analysis and the increased and decreased expression levels of LC3-II and P62, respectively. Mitochondrial dysfunction was also reflected by the high mitochondrial injury score, extensive swelling, deformed cristae, misfolding of the inner membrane, and the increase in lipid deposition indicating an increased influx of metabolic substrates into the muscle fibers in the diaphragm. TLR4 homozygous knockout can dampen the autophagy-lysosome pathway and alleviate mitochondrial ultrastructural changes by inhibiting TLR4/NF-κB signaling. This study had a limitation. Tang et al. demonstrated that the Janus Kinase (JAK)-STAT pathway is involved in the pathogenesis of MV-induced oxidative stress and VIDD [41] . In our study, partial inhibition of diaphragm injury through TLR4 knockout or pharmacologic inhibition with SN50 suggested that TLR4/NF-κB signaling was only one of the many pathways contributing to VIDD. Additional experiments are necessary to investigate the other pathogenic signaling pathways.
In the present study, we determined that the administration of endotoxin enhanced MV-induced diaphragmatic oxidative stress, proteolysis, apoptosis, and autophagy, resulting in increased oxidative loads. In addition, atrogin-1, MuRF-1, caspase-3, and LC3-II expressions were increased, whereas P62 expression was reduced in a murine model of endotoxemia used to simulate an ICU clinical scenario. The negative effects of MV with endotoxemia on the diaphragm can be attenuated by pharmacologic inhibition with an NF-κB inhibitor or by TLR4 homozygous knockout, thus interrupting the TLR4/NF-κB pathway. Western blots were conducted using an antibody that recognizes caspase-3 expression and an antibody that recognizes the GAPDH expression from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). Arbitrary units were expressed as the ratio of cleaved caspase-3 to GAPDH (n = 5 per group). c Representative micrographs (×400) with TUNEL staining of paraffin diaphragm sections and quantification were from the diaphragms of nonventilated control mice and mice ventilated at a tidal volume of 6 mL/kg or 10 mL/kg for 8 h with or without LPS administration (n = 5 per group). SN-50 2 mg/kg was given intraperitoneally 30 min before ventilation. Apoptotic cells are identified by arrows. A bright green signal indicates positive staining of apoptotic cells, and shades of dull green signify nonreactive cells. *P < 0.05 versus the nonventilated control mice with room air; † P < 0.05 versus all other groups. Scale bars represent 20 μm. TUNEL terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling Knowledge of the combinatorial effects of mechanical forces and endotoxin on TLR4/NF-κB signaling might allow for the clarification of the pathophysiologic mechanisms that regulate VIDD in endotoxemia, which can necessitate long-term ventilator dependence and lead to poor outcomes. Furthermore, identification of the molecular mechanisms that regulate diaphragm injury is necessary for the advanced management of VIDD in patients with sepsis. Fig. 8 Schematic figure illustrating the signaling pathway activation with mechanical ventilation and endotoxemia. Endotoxininduced augmentation of mechanical stretch-mediated cytokine production and diaphragm damage were attenuated in TLR4-deficient mice. IL interleukin, LC3-II light chain 3-II, LPS lipopolysaccharide, MIP-2 macrophage inflammatory protein-2, MuRF-1 muscle ring finger-1, NF-κB nuclear factor-κB, ROS reactive oxygen species, TLR4 toll-like receptor 4, VIDD ventilator-induced diaphragm dysfunction
